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Negative charge-assisted H-Bonda b s t r a c t
Humic substances are the dominant dissolved organic matter fraction in the aqueous phase of envi-
ronmental media. They would inevitably react with chemicals released into the environment. The in-
fluence of dissolved humic acid (DHA) on the dissolution and dispersion of copper oxide nanoparticles
(CuO NPs, 50 nm, 49.57 mg L1) was therefore investigated in the present study. In addition to dispersing
CuO NPs and reducing the size of the aggregates, the amount of released Cu from CuO NPs was found to
increase over time with increasing concentrations of DHA, 96% of which was present as organic com-
plexes after 72 h. At DHA concentrations exceeding 16.09 mg C L1, the complexation coefficients of DHA
with Cu and the adsorptivity of CuO NPs to DHA were both reduced due to increased homo-conjugation
of DHA as promoted by negative charge-assisted H-bond. Although the adsorption capacity of DHA kept
increasing up to 57.07 mg C L1, the hydrodynamic diameter and z-potential were similar and the per-
centages of total released Cu continued to increase linearly to 4.92% at higher levels of DHA (30.13
e57.07 mg C L1). Thereupon, DHA promoted the dissolution of CuO NPs in a concentration-dependent
fashion. The driving force was complexation of Cu by DHA, rather than the balancing between the
exposed and the covered surface area of the CuO NPs due to DHA adsorption. Our findings facilitatel Science and Engineering,
ing, 650500, China.
kust.edu.cn (Y. Liu).
S. Liu et al. / Chemosphere 245 (2020) 1256122understanding the underlying mechanisms on how DHA impacts the CuO NPs environmental behavior
(or fate) as well as on their kinetics.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
Copper oxide nanoparticles (CuO NPs) have integrated good
physicochemical properties and are therefore widely applied in
catalysts, semiconductor materials, and photo-voltaic materials
(Khataee et al., 2016). The high use volume of CuO NPs inevitably
induces their release into the environment during production,
application or treatment (Zhao et al., 2013) and poses potential
risks to environmental organisms (Park et al., 2014; Jiang et al.,
2017; Gao et al., 2018) and to humans (Weichenthal et al., 2007).
Some metal-based nanoparticles are not stable in aqueous media
(Milne et al., 2017) and may dissolve and release metal ions ac-






ðaqÞ þ ðbÞ H2OðlÞ (1)
MaOb: metallic oxide nanoparticles; s: solid; aq: aqueous; l:
liquid; M(2b/a)þ: metal ions released from metallic oxide nano-
particles. The metal ions formed are in general more mobile
(Conway et al., 2015) and more bioavailable to organisms (Jiang
et al., 2017).
Humic substances such as humic acid (HA) are the dominant
dissolved organic matter (DOM) fraction (Mostofa et al., 2013)
which are commonly found in the aqueous phase of environmental
media (Akaighe et al., 2011). Nanoparticles released in the envi-
ronment may undergo various transformations inevitably together
with HA (Aiken et al., 2011; Gunsolus et al., 2015). Recent studies
already indicated that DOM as an active chemical component in the
environment has significant influences on the dissolution of ZnO
NPs (Jiang et al., 2015), adsorption of SiO2 NPs (Liang et al., 2011),
desorption of TiO2 NPs (Mudunkotuwa and Grassian, 2010),
transport of Cu NPs (Conway et al., 2015), and toxicity of Cu and Pb
to Paracentrotus lividus larvae (Sanchezmarín et al., 2010). DOM,
and especially HA, contains a large number of functional groups
such as phenolic hydroxyl groups and carboxylic moieties (Jayalath
et al., 2018). These functionalities allow HA to be an important
source of dissolved adsorbent organic ligands (Liu and Gonzalez,
2000), e.g. they strongly bind with Cu2þ (Wang et al., 2015).
Equation (1) is shifted to the right when the concentration of free
metal ions is reduced by complexation. Meanwhile, Hþ can also be
released from those functional groups through deprotonation
which alters the chemical properties of the medium (Bian et al.,
2011). Equation (1) will also shift to the right when the concen-
tration of Hþ is increased (lower pH). Up till now, however, the
impact of adsorption of DOM on dissolution of metal-based NPs has
mostly been neglected, especially with regard to the option of
sorption of DOM altering the surface area of NPs exposed in sus-
pensions and the subsequent impact on the equilibrium depicted in
equation (1). As shown in equation (1), the equationwill shift to the
left when the concentration of metal oxide NPs drops and it will
shift to the right when the concentration of NPs increases. Also,
CuO NPs will have less opportunity to react with Hþ in solution
when the surface area of CuO NPs exposed to the solution is
reduced, which ultimately would inhibit the dissolution of CuO
NPs. This may be the reason for the contradictive observations in
literature of both inhibition (Gunsolus et al., 2015) and promotion(Wang et al., 2015) of dissolution of metal-based NPs. Thus, the role
of HA and its adsorption on NPs has to be clarified first to further
understand the fate and behavior of CuO NPs in environmental
media.
As stated in the research of Borm et al. (2006), the dissolution of
solids is just a process inwhich constituent molecules migrate from
the surface of the particles to the bulk solution through a diffusion
layer. Due to the adsorption of HA, the thickness of the diffusion
layer of CuO NPs on the particle surface would undoubtedly in-
crease. As the amount of adsorption continues to increase before
equilibrium, the migration of metal ions from the surface to the
bulk solution would become more difficult which eventually leads
to inhibited ion release. On the other hand, DOM will also reduce
the hydrodynamic particle size of metal-based NPs suspended in
the solution (Jiang et al., 2015). As the dispersion of CuO NPs is
enhanced by DOM, their specific surface areamay also be increased.
This would increase the possibility of interaction between the
surface of CuO NPs and Hþ in the solution (see formula (1)), and
promote the ion release (Zook et al., 2012). The apparent CuO NPs
dissolution thus results from the balancing between the exposed
(increased dissolution) and the covered (decreased dissolution)
surface area when the particles are dispersed by HA (hypothesis 1).
However, the effective surface area of metal-based NPs exposed
in a suspension containing DOM cannot be quantified directly by
existing experimental means. To check the correlation between
dispersion and adsorption in the presence of HA and their contri-
butions to the dissolution of CuO NPs, hypothesis 2 was raised.
Hypothesis 2 assumes that the amount of HA adsorbed on CuO NPs
increases with increasing HA concentrations until saturation, while
it is hypothesized that the amount of dissolved CuO NPs would
decrease with the increase of adsorption. In this study, we tested
the hypotheses presented above by observing the dissolution and
dispersion of CuO NPs under different levels of HA, whilst trying to
figure out their relationships with HA adsorption on the particles.2. Materials and methods
2.1. Test compounds
Uncoated CuO NPs (nano-spheres, nominal particle size 50 nm,
purity 99.5%) were purchased from the Aladdin Reagent Company
(Shanghai, China). NaNO3 (purity 99.99%), used for keeping the
ionic strength of the background solution at 0.1 M, was also pur-
chased from the Aladdin Reagent Company (Shanghai, China). The
background solution was composed of NaNO3 (0.1 M) and applied
for preparing the dissolved humic acid (DHA) samples in different
concentrations. Cu(NO3)2. 2.5H2O (purity>99.8%) for titration ex-
periments was purchased from Alfa Aesar Company (Tianjin,
China). HA was manually extracted from Dianchi Lake (N
2448019.2200, E 10239052.1600, Yunnan province, China) sediment
using a traditional alkaline extraction method (Kang and Xing,
2005). The collected sediments samples were freeze-dried,
ground, and sieved through a 2 mm sieve. Details of the prepara-
tion method of HA were presented in our previously published
contribution (Pan et al., 2013). The fourth extraction (HA4) was
used in this study. An amount of 0.5 g of HA4was dissolved in 10mL
of NaOH solution (0.5 M) overnight, diluted with 500 mL of
S. Liu et al. / Chemosphere 245 (2020) 125612 3ultrapurewater, and filteredwith a 0.45 mm filter after adjusting the
solution pH to 7 with HNO3 (0.1 M) to obtain the DHA stock solu-
tions. The actual concentration of DHA in the stock solutions was
determined by a total organic carbon analyzer (Vario TOC select,
Elementar, Germany).
2.2. Characterization of CuO NPs and HA
The primary morphology and particle size of CuO NPs prepared
in the background solution and in the DHA solutions were char-
acterized using a Tecnai G2 TF30 Transmission Electron Microscope
(TEM, FEI Company, Netherland). The particle size of CuO NPs was
determined using a Nano Measurer 1.2 (Fudan University, China).
The distribution of hydrodynamic diameter, and the z-potential of
CuO NPs in the background solution and in the DHA solutions of
different concentrations were measured by dynamic light scat-
tering (DLS) on a Zeta PALS instrument (Brook Haven, USA).
The contents of C, H, O, N, S in the HA4 were analyzed by an
elemental analyzer (Vario MICRO cube, Elementar, Germany).
Fluorescence excitation-emission-matrix (EEM) spectrophotom-
etry (LS-55, PerkinElmer, USA) was used to analyze the chemical
composition or properties of DHA as a function of concentration
before and after the exposure to CuO NPs. The spectrometer used a
xenon excitation source, the scanning ranges were 200e800 nm for
excitation and 200e800 nm for emission. The slits for both exci-




It was reported that the concentration of dissolved organic
carbon (DOC) in the river was around 5 mg C L1, 40e80% of which
was contributed by HA and fulvic acid (Leenheer, 1994). However,
DOC concentrations vary a lot across different environmental me-
dia. For example, it reached a high level of 58 mg L1 in the Mekong
delta (Berg et al., 2007). According to the pre-experiment, DHA
stock solutions were diluted to nominal concentrations of 0, 5, 10,
25, 50, 75, 100 mg C L1 using the background solution. The pH
values of all treatments were adjusted to 7 using NaOH (0.1 M) to
shield the role of varying pH values on CuO NPs dissolution. The
real concentrations of DHA in the solution were then determined
by TOC and used for further analysis. Five mg of CuO NPs were then
added to 100 ml of each of the DHA solution to reach a nominal
concentration of 50 mg L1. This concentration was set around
median lethal concentrations of CuO NPs to some common or-
ganisms e.g. 45.7 mg L1 for Chlorella pyrenoidosa (Zhao et al.,
2016), 61.1 mg L1 for Bacillus subtilis and 65.9 mg L1 for Strepto-
coccus aureus (Baek and An, 2011). The actual concentrations of the
CuO NPs suspensions were analyzed using flame atomic absorption
spectroscopy (FAAS, Hitachi, Japan). All suspensions were sonicated
for 10 min (Tianjin Automatic Science Instrument Company, China)
and placed with foil on a thermostatic shaker (25 C) at 120 rpm to
mimic the water flow disturbance. The amount of free Cu2þ
released from CuO NPs was measured using a Cu-ion selective
electrode (CUO1503, Van London-pHoenix, U.S.) from 1 h to 72 h.
All treatments were duplicated.
2.3.2. Adsorption experiments
Adsorption experiments were conducted to determine the
amount of DHA adsorbed on the CuO NPs. DHA solutions were
prepared at nominal concentrations of 5, 10, 25, 50, 75, 100 mg C
L1 and placed in 100 mL reagent bottles. Different weights of CuO
NPs were added to the reagent bottles to ensure the concentrations
of CuO NPs at 0 or 50 mg L1. All treatments were sealed with foiland incubated at 25 C on a rotatory shaker at 120 rpm for 72 h. The
content of TOC in the supernatant was then measured after
centrifugation at 3500g for 10 min. The difference of TOC in the
solution with or without CuO NPs was used to quantify the amount
of DHA adsorbed on the CuO NPs. All treatments were repeated
three times.2.3.3. Chemical titration of surface reactive groups
Due to the heterogeneous nature of DHA (Chen et al., 2015), the
chemical composition of the DHA used in the present study was
unknown. Chemical titration experiments were therefore con-
ducted to determine the contents of two typical functional groups
at different concentrations of DHA, namely carboxyl and phenolic
hydroxyl functional groups which are commonly considered to be
important binding ligands of Cu2þ (Nierop et al., 2002; Jiang et al.,
2015;Wang et al., 2015). DHA solutions were prepared in concen-
trations of 5, 10, 25, 50, 75, 100 mg C L1 and placed in 100 mL
reagent bottles. The pH values of the DHA solutions were adjusted
to be 3 using HNO3 (0.1 M). Nitrogen was introduced into the so-
lution to prevent the effects of carbon dioxide on titration (Ma et al.,
2001). The DHA solutions were then titrated with NaOH (0.1 M)
with the pH value as indicator. The pH values of the stable solution
were determined and recorded every after the addition of 20 mL of
NaOH until 8 or 10. The content of carboxyl functional groups was
determined by the amount of NaOH consumed from pH ¼ 3 to 8.
The content of phenolic hydroxyl functional groups was twice the
amount of NaOH consumed from pH ¼ 8 to 10 (Ma et al., 2001).2.3.4. Quantification of complexation in the presence of DHA
The total amount of Cu2þ that was released from CuO NPs in the
presence of DHA should be the sum of the free Cu2þ activities and
the concentrations of complexed ions (organic and inorganic
complexes) because dissolved organic matter can strongly bind
with Cu2þ (Jiang et al., 2017). The total amount of complexed Cu
was calculated through the binding curves at different concentra-
tions of DHA (pH z 7) which were generated by the complex
titration method. The amount of inorganic complexes was assessed
by theWindermere Humic AqueousModel 7.0.1 (Centre for Ecology
& Hydrology, Wallingford, UK) speciation model based on the
amount of free Cu2þ as determined by the Cu-ion selective elec-
trode. The amount of organic complexes was equal to the difference
between the total amount of complexed Cu and the amount of
inorganic complexes. The detailed description of the complex
titration method can be found in our previous study of Zhao et al.
(2017).2.3.5. Data analysis
The binding curves, i.e. the relationships between the free Cu2þ
activities and the amount of complexed Cu were obtained using the
Formation Function model (Benedetti et al., 1995) which is pre-
sented in equation (2) and which was run by the OriginPro 8
software (Origin Lab, USA):
ML¼ K  L Mf
1þ K Mf
(2)
ML: the concentration of complexed Cu, M; K: the complexation
stability constant; L: the concentration of ligand, M; Mf: the free
Cu2þ activity, M.With the known K and L values, the concentrations
of complexed Cu in the systemwith CuO NPs can then be calculated
using equation (2).
The curves of released Cu2þ concentration versus time were
fitted using a modified pseudo second-order model (PSOM) (Pan
et al., 2012) in OriginPro 8:










ð1þ k  t）

(3)
y(t): the released Cu2þ concentrations, mM; y (final): the released
Cu2þ concentrations at 72 h, mM; k: the rate constant of Cu release,
h1; t: the exposure time, h.
The titration curves of surface functional groups at various DHA
levels, i.e. the relationships between the consumption of NaOH and
pH were also obtained using the logistic model in OriginPro 8. It
was theoretically assumed that the contents of functional groups in
DHAwould be increased with increasing concentrations of DHA. To
determine whether there were interactions promoted by negative
charge-assisted H-bond formation between DHA molecules, which
would result in a decreased surface reactive groups with increasing
DHA concentrations, formula (4) (Zhao et al., 2018) was used to
determine the homo-conjugation. The pKa values at different DHA
concentrations were approximately equal to the pH values of the





















CCu-L: the concentration of Cu2þ bound to DHA, M; Kc: the
complexation stability constant, (g L1)1; CCu: the free Cu2þ ac-
tivity, M; [Hþ]: the concentration of Hþ ¼ 107 M (pH ¼ 7); Ka: Acid
equilibrium constant, M, whichwas obtained by the transformation
of the pKa values in Fig. S4; CT: the concentration of DHA, g L1;
KLHL: homo-conjugation constant between HAmolecules, (g L1)2.3. Results and discussion
3.1. Characterization of CuO NPs and DHA
The C, H, O, N, and S contents of the HA4 were analyzed to be
53.6%, 4.8%, 32.5%, 3.2%, and 1% respectively. The TEM pictures
showed that the CuO NPs were spherical agglomerates in the
background solution and their average size was approximately
93 ± 5 nm (n ¼ 10, Fig. 1. (a)). When 4.37 mg C L1 of DHA wasFig. 1. The TEM images of CuO NPs (49.57 mg L1) prepared in the background solution (a), in
L1 (c). Scale bars indicate size (nm). Red arrows point to CuO NPs. (For interpretation of th
this article.)added in the solution, the size of CuO NPs was reduced to 77 ± 3 nm
(n ¼ 10, Fig. 1. (b)); the size of CuO NPs aggregates dropped to
56 ± 2 nm (n ¼ 10, Fig. 1. (c)) when DHA concentration in the so-
lution reached 16.09 mg C L1. These TEM images revealed that the
morphology of the CuO NPs agglomerates was not changed
significantly by the added DHA, while their size was reduced upon
increasing concentrations of DHA. This may indicate an improved
dispersion of CuO NPs in the suspensions with DHA. Further
demonstration should be based on the results of DLS (see section
3.4).3.2. Quantification of the complexation between Cu2þ and DHA
According to the Cu speciation in the solutions, as estimated by
the Windermere Humic Aqueous Model 7.0.1 (see Fig. S1), the
amount of organically complexed Cu was 12e7000 times higher
than the amount of inorganic complexed Cu. Thus, the discussion
regarding Cu complexation will be mostly focused on the organic
complexed Cu in the present study.
Based on the binding curves generated by the Formation
Functionmodel (see Fig. S2), the amount of Cu2þ released from CuO
NPs bound with DHA molecules can be estimated on the basis of
the measured free Cu2þ activities. It was generally found that the
higher the DHA concentrations were, the more complexed Cu was
produced, which implied that more binding sites were provided by
the increased amount of DHA added in the solution. This observa-
tion is consistent with previous findings (Jiang et al., 2017). More-
over, the complexation stability constant (log K) first sharply
increased as the concentration of DHA increased, and then did not
change significantly when the concentration of DHA reached
30.13 mg C L1. This indicated that the binding affinity of Cu2þ was
proportional to the DHA concentrations at low levels of DHA
(4.37e16.09 mg C L1), whereas it became constant in the case of
high DHA concentrations (30.13e57.07mg C L1). Some researchers
suggested that this may be a consequence of self-aggregation
(Leenheer and Croue, 2003) of DHA or of strong intermolecular
interactions between DHA molecules at high DHA levels. To verify
whether the binding sites of DHA or its intermolecular force change
when varying the concentration of DHA, chemical titration exper-
iments were conducted and the homo-conjugation between DHA
molecules was calculated, the results of which were shown and
discussed in the following sections.the solution with DHA at 4.37 mg C L1 (b), and in the solution with DHA at 16.09 mg C
e references to colour in this figure legend, the reader is referred to the Web version of
S. Liu et al. / Chemosphere 245 (2020) 125612 53.3. Dissolution of CuO NPs in the presence of DHA
Dissolution of NPs is one of the most important processes
determining the environmental behavior, fate and risks of NPs in
the long term. Also in view of its close relationship with aggrega-
tion, dispersion, transport and uptake, it is essential that dissolu-
tion seriously considered and comprehensively understood. As
shown in Fig. 2, the kinetics of total Cu2þ release from CuO NPs, the
concentration of complexed Cu, and the free Cu2þ concentration atFig. 2. Dissolution kinetics of CuO NPs (49.57 mg L1) at various DHA levels (0, 4.37, 7.30, 16
CuO NPs. (b) Kinetics of complexed Cu released from CuO NPs. (c) Kinetics of free Cu2þ relea
Percentages of the standardized total released Cu at 72h to CuO NPs. (f) Percentages of the st
fixed at 49.57 mg L1. Solid lines represent the statistically significant fits using the modified
adjusted determination coefficient.different concentrations of DHA can be reasonably well described
by the modified pseudo-second-order model (equation (3)).
Generally, the amount of total Cu2þ released from CuO NPs
increased over time, and was promoted upon increased DHA
addition. This was consistent with our previous study for tannic
acid (Zhao et al., 2017), in which it was found that the dissolution
kinetics of CuO NPs were strongly influenced by the concentration
of dissolved organic matter. Most notably, at the DHA concentration
of 57.07 mg C L1, the total amount of Cu2þ released from CuO NPs.09, 30.13, 46.05, 57.07 mg C L1). (a) Kinetics of the total amount of released Cu from
sed from CuO NPs. (d) Percentages of total released Cu after 72 h from the CuO NPs. (e)
andardized complexed Cu at 72h to CuO NPs. The concentration of added CuO NPs was
pseudo second-order model, p < 0.05. k indicates the rate coefficient. R2adj indicates the
S. Liu et al. / Chemosphere 245 (2020) 1256126during 72 h was more than 13 times higher than the release of Cu2þ
in the absence of DHA. The dissolution rate constant reached a
maximum (k ¼ 1.93 h1) at DHA ¼ 16.09 mg C L1, which implied
that the dissolution equilibrium can be achieved faster at this
concentration (Jiang et al., 2015). However, the extent of increase in
dissolution rate of CuO NPs was not in close relationship with the
concentrations of DHA. Different factors may contribute to this
phenomenon, such as surface coating and aggregation state (David
et al., 2012; Jiang et al., 2015). These variables can be spatially and
temporally highly heterogeneous (Vijver et al., 2018). Thus, the
dynamics of aggregation/agglomeration of NPs and adsorption of
DHA are further evaluated in the following sections.
Moreover, the amount of complexed Cu also varied with time
and its trendwas very similar to that of the total amount of released
Cu. On the contrary, the concentrations of released free Cu2þ in the
solution decreased with the increasing DHA concentrations and
reached a maximum at the lowest concentration of DHA (4.37 mg C
L1). Comparing Fig. 2(a), (b) and (c), the amount of free Cu2þ in
solution at 72 h was found to only account for less than 4% of the
total amount of Cu2þ in the presence of DHA. Such a large pro-
portion of complexed Cu indicated that the released Cu2þ from CuO
NPs can quickly and strongly bind with DHA molecules in the
suspension. Plaza et al. (2006) proposed that some structures in HA
molecules such as two adjacent aromatic carboxyl groups (i.e.
phthalic acid-like binding site) and an aromatic carboxyl group and
adjacent phenolic hydroxyl group (i.e. salicylic acid-like binding
site) can form stable bidentate complexes with metal ions. The
structure and configuration of functional groups in DHA molecules
can then be altered due to complexation (Yamashita and Jaffe,
2008), thus leading to the observed fluorescence intensity of DHA
decreased by addition of CuO NPs (see Fig. S3). As the DHA con-
centration increased, the numbers of carboxyl groups and phenolic
hydroxyl groups in suspension were generally detected to increase
(see Table 1). More abundant functional groups provide more
binding sites for Cu2þ (Wang et al., 2015) which resulted in an in-
crease of the amount of Cu2þ-DHA complexes with increasing
concentrations of DHA (see Fig. 2 (b)). However, after carbon
standardization, the content of carboxyl and phenolic hydroxyl
groups was not positively linearly or became negatively correlated
with the increased DHA concentrations. For instance, the concen-
tration of phenolic hydroxyl groups was reduced to 5.74 mmol g1
C at the DHA concentration as high as 57.07 mg C L1. This was less
than 33% of the concentration of phenolic hydroxyl groups at the
lowest DHA concentration of 4.37 mg C L1. This finding may be
indicative of DHA self-aggregating that occurred due to the reduced
intermolecular space for movements (Ghosh and Pal, 2007; Pan
et al., 2008), thus resulting in the reduction of binding sites (i.e.
carboxyl and phenolic hydroxyl groups) per unit mass of DHA
molecules. According to equation (1), the equilibrium moves to the
right when the amount of free metal ions is reduced, which in-
creases the release of Cu2þ from the CuO NPs. Complexation of
released Cu by DHA shifted the equilibrium, which results in
enhanced dissolution of CuO NPs upon increasing DHA
concentrations.Table 1
Contents of carboxyl groups and phenolic hydroxyl groups at various DHA levels tested
Contents of surface functional groups The concentrations of
4.37 7.3
Carboxyl groups (mmol) 0.0056 0.0
(mmol g1 C) 11.20 17
Phenolic hydroxyl groups (mmol) 0.0088 0.0
(mmol g1 C) 17.60 15In addition, the percentages of total released Cu2þ were signif-
icantly increased upon increased addition of DHA (see Fig. 2(d)).
This indicates that the solubility of CuO NPs is much larger in
environmental media rich in DOM which was consistent with
previous studies for TA (Zhao et al., 2017) and for humic substances
(Wang et al., 2015). Interestingly, after removing the concentration
effect, the standardized percentages of total released Cu or com-
plexed Cu at 72 h were reduced upon increased addition of DHA
(see Fig. 2 (e) and (f)). Especially at higher DHA concentrations (＞
16.09 mg C L1), the percentages of standardized total released Cu
or complexed Cu from the CuO NPs were all below 0.1%. This was
just the same as the trend for complexation stability constants after
carbon standardization (DHA concentrations from 4.37 to
57.07 mg C L1, log K ¼ 0.28 > 0.24>0.17 > 0.09z0.06 z 0.05,
Fig. S2). Excluding the concentration variable, the increase of DHA
molecules per unit mass seemed to reduce its ability to bind with
Cu. These results not only verified the close relationship between
CuO NPs dissolution and complexation, but also raised the ques-
tions: Why was the complexation ability of DHA with Cu reduced
upon increasing concentrations of DHA? Is this related to self-
aggregation? Will the adsorption of DHA on CuO NPs be influ-
enced as well? All of these issues will be discussed in the following
sections.3.4. The adsorption of DHA on CuO NPs and its effect on the
dispersion of CuO NPs
The adsorption of natural organic matter can disperse NPs and
inhibit particle aggregation (Pan et al., 2013), which in turn in-
fluences the dissolution of NPs. The dispersion state of CuO NPs (as
indicated by the hydrodynamic diameter and the z-potential) was
therefore assessed and DHA adsorption experiments were con-
ducted to study the underlying mechanisms at similar aquatic
chemical composition as used in the dissolution experiments. In
the absence of DHA, CuO NPs usually exist as dispersed aggregates,
the hydrodynamic diameter and the z-potential of which reached
752 ± 49 nm and4.5 ± 2.3mV respectively as shown in Fig. 3. This
may arise from the Brownian motion, the attractive van der Waals
forces and hydrogen bonding of particles in aqueous solution
(Ghosh and Pal, 2007). When DHA was added, the hydrodynamic
diameter and the z-potential of CuO NPs in the background solution
significantly decreased to 583 ± 41 nm and 21.5 ± 0.9 mV.
Nevertheless, the reduced hydrodynamic diameter and the z-po-
tential were not negatively linearly correlated with the increasing
DHA concentrations. When the DHA concentration was
>16.09 mg C L1, this downward trend became much slower. This
indicated that DHA can greatly suppress the aggregation of CuO
NPs, and it was effective in stabilizing the CuO NPs, while these
effects were also concentration-specific.
As shown in Fig. 3 (a), the amount of DHA adsorption on CuO
NPs kept increasing with increasing concentrations of DHA. To
further validate the relevance of the DHA adsorption for dispersion
of CuO NPs, the correlation was analyzed and shown in Fig. S5. The
amount of DHA adsorbed on the CuO NPs was negatively correlatedby chemical titration method.
DHA (mg C L1)
0 16.09 30.13 46.05 57.07
174 0.0224 0.0524 0.0720 0.0813
.40 8.96 10.48 9.60 8.13
152 0.0252 0.0452 0.0660 0.0574
.20 10.08 9.04 8.80 5.74
Fig. 3. Adsorption of DHA on the CuO NPs and the dispersion of CuO NPs at various DHA levels (0, 4.37, 7.30, 16.09, 30.13, 46.05, 57.07 mg C L1) after 72 h. (a) The amount of DHA
adsorbed on the CuO NPs (n ¼ 3). (b) Percentages of DHA adsorbed to the CuO NPs. This percentage is equal to the difference of DHA concentrations in the solution before and after
the adsorption as compared to the DHA concentration before adsorption. (c) The z-potential of CuO NPs prepared in the background solution with different concentrations of DHA
(n ¼ 3). (d) Hydrodynamic diameter of CuO NPs prepared in the background solution with different concentrations of DHA (n ¼ 3). The data was expressed as the mean ± standard
error of the mean.
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prepared in the background solution at different levels of DHA.
These results confirm that the adsorption of DHA on the surface of
CuO NPs is involved in the decreased aggregation and increased
dispersion of CuO NPs (Peng et al., 2017). Because the CuO NPs and
DHA molecules were all negatively charged in the present study,
they may combine with each other through ionic bridging (such as
via Naþ (Liang et al., 2011) in the solution) or ligand exchange (such
as carboxyl groups or hydroxyl groups (Wang et al., 2016)). The
adsorption of negatively charged DHA molecules will increase the
charge density and the electrophoretic mobility (Jekel, 1986) of
suspended CuO NPs with negatively charged surface groups. This
may then enlarge the electrostatic repulsion between particles in
the suspension and enhance dispersion of CuO NPs in the solution.
Coincidentally, the percentage of DHA adsorbed on the CuO NPs
was also observed to increase sharply when DHA 30.13 mg C L1,
whereas this percentage became steady or was even slightly
reduced when DHA >16.09 mg C L1 (Fig. 3(b)). These results
showed that unlike the adsorption capacity which kept increasing
with the increase of concentration, the increase of adsorptivity of
CuO NPs appeared to enter a phase of stagnation when DHA
>16.09 mg C L1. This explains why the hydrodynamic diameter
and the z-potential of CuO NPs in solution tended to be stable at
higher concentrations of DHA. At higher levels of DHA (>16.09mg C
L1), the adsorption of DHA on CuO NPs would be influenced. Thisleads to limitation of the effects of DHA on stabilizing CuO NPs in
aqueous media.
An additional question that popped up was whether the self-
aggregation of DHA molecules at higher concentrations played a
key role in inhibiting solubility of CuO NPs, complexation ability
between Cu and DHA and adsorptivity of CuO NPs, andwhat caused
DHA molecules to self-aggregate.
3.5. Correlation between dissolution and dispersion of CuO NPs
In our system, DHA molecules were negatively charged. In
principle, DHA molecules can disperse well owing to electrostatic
repulsion (Philippe and Schaumann, 2014). However, the phe-
nomena observed in the experiments were opposite, and even self-
aggregation occurred among DHA molecules. This raises the
question of what caused the unusually strong interactions between
functional groups of molecules with the same charge? Some in-
vestigators suggested that relatively strong charge-assisted H-bond
formation (Mahmudov et al., 2017) as compared with the ordinary
H-bond formation may be the explanation. To unravel the ques-
tions raised in the above sections, the DHA homo-conjugation at
different DHA concentrations was estimated using formula (4) and
shown in Table 2. The log KLHL values (>16.09 mg C L1) were found
to be larger than that at low levels of DHA (16.09mg C L1), which
just indicated an increased negative charge-assisted H-bond that
Table 2
The estimated DHA homo-conjugation (KLHL) at various DHA levels using formula
(4).
Dissociation constants of DHA The concentrations of DHA (mg C L1)
4.37 7.30 16.09 30.13 46.05 57.07
log KLHL (g L1)2 7.50 7.50 7.50 7.57 7.57 7.57
Note: dissociation constant values (pKa) of DHA were calculated from the titration
curves of surface functional groups at various DHA levels in the present study (see
Fig. S4); - indicates not determined in the present study.
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negative charge-assisted H-bond formation may enhance the
intermolecular forces among DHA molecules (Gilli and Gilli, 2000),
thus leading to the decreased content of organic binding sites per
unit mass of DHA such as carboxyl and phenolic hydroxyl groups
(Hernandez et al., 2006). Homo-conjugation of DHA promoted by
the negative charge-assisted H-bond can then compete with Cu for
binding with DHA (Zhao et al., 2018). This allowed us to observe the
reduced complexation ability (log K) of DHA with Cu and the
decreased solubility of CuO NPs after carbon standardization.
Similarly, the decrease of active sites of surface functional groups
may also lead to the weakening of ligand exchange (Yang et al.,
2009), which reduced the adsorptivity of CuO NPs to DHA and
impacted the dispersion of particles in suspension especially when
DHA >16.09 mg C L1. It should be also noted that increased
intermolecular forces among DHA molecules may be the result of
various covalent and non-covalent bonds, e.g. p-p stacking in-
teractions, hydrogen bond, and van der Waals force (Philippe and
Schaumann, 2014). In the present study, it was only concluded
that self-aggregation or homo-conjugation of DHA molecules has a
greater relationship with the negative charge-assisted H-bond, but
other factors cannot be excluded yet.
When focusing on the high DHA concentrations, many problems
like the relationship between dissolution and dispersion can be
readily solved. As shown in Fig. 3(c) and (d) when DHA >16.09mg C
L1, variations of the hydrodynamic diameter and the z-potential of
CuO NPs in the solution did not exceed 10%. This indicated that DHA
has a small influence on dispersing CuO NPs and increasing their
surface area that was available for dissolution, while the adsorption
capacity was still increasing. If hypothesis 1 was correct, the
apparent CuO NPs dissolution would be decreased because of the
increasing surface area covered by DHA. In reality, however,
dissolution continued, and the percentages of total released Cu to
CuO NPs still showed a trend of linear increase. These results
illustrated that hypothesis 1 could be rejected. Hypothesis 2 was
also rejected that the surface of CuO NPs cannot be completely
occupied by DHA at the present concentrations (Fig. 3(a)) possibly
because of the homo-conjugation of DHA promoted by the negative
charge-assisted H-bond. Thus, it was maintained in the present
study that the promoted dissolution of CuO NPs by DHA should be
attributed to copper complexation (which is consistent with pre-
vious studies (Jiang et al., 2015)) rather than by enhanced particle
dispersion. It is also noted that the present study focused on
exploring the correlation between the extend of CuO NPs dissolu-
tion and the particle surface area exposed to the solution. This is
only a beginning to further understand how natural organic matter
impacts the behavior of CuO NPs. Further efforts are needed to
extrapolate our findings across different environmentally realistic
conditions.4. Conclusions
Although there are various studies related to assessing theenvironmental behavior of CuO NPs in the presence of DOM, the
effective surface area of CuO NPs exposed to the solutionwith DOM
still cannot be directly quantified by existing experimental means.
We observed that the amount of Cu released from CuO NPs kept
increasing with the increase of the adsorption capacity, and the
stability of CuO NPs in the suspension was enhanced when DHA
was introduced into the system. Complexed Cu was found to ac-
count for more than 96% of the total Cu released from CuO NPs at
72 h. This indicated that Cu released into soluble matrix mainly
existed in the form of DHA-Cu2þ complexes. These results sug-
gested that interactions between DHA molecules and Cu were the
main driving force for enhanced particle dissolution, rather than
the surface area of contact between particles and aqueous media.
Moreover, the ability of DHA to form complexes with Cu and the
extent of adsorption of DHA on CuO NPs were both observed to be
reduced at higher levels of DHA (>16.09 mg C L1) after carbon
standardization. Increased intermolecular forces promoted by the
negative charge-assisted H-bond may help explain why self-
aggregation or homo-conjugation occurred among DHA mole-
cules. Self-aggregation or homo-conjugation reduced the content
of carboxyl and phenolic hydroxyl groups that are available for
binding per unit of mass. This may also be the reason why the
adsorption capacity was not saturated even at the highest level of
DHA. Our findings assist in a better understanding of the mecha-
nisms underlying the interactions between DHA and CuO NPs, and
pointed out the important role of the dose of DOM on the envi-
ronmental behavior of metal oxide NPs.
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